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Nitrogen PTSTo investigate a possible role of the nitrogen-PTS (PTSNtr) in controlling carbon metabolism, we determined the
growth of Escherichia coli LJ110 and of isogenic derivatives, mutated in components of the PTSNtr, on different
carbon sources. The PTSNtr is a set of proteins homologous to the PEP-dependent phosphotransferase system
(C-PTS) that transfers a phosphate group from PEP over EINtr (encoded by ptsP) and NPr (encoded by ptsO) to
EIIANtr (encoded by ptsN). Strains deleted in ptsN were characterized by a high acetate production coupled to
slow growth on glycolytic substrates. The ΔptsP and the ΔptsO strain showed the same behavior as the parent
strain. As the phosphorylation level of EIIANtr in these mutants differed signiﬁcantly from that of the parent
strain, phosphorylation of EIIANtr obviously is not important for its function. During growth in minimal medium
with deﬁned carbon sources, EIIANtr was always completely phosphorylated in LJ110. Signiﬁcant amounts of
dephosphorylated EIIANtr were only visible in strains lacking EINtr or NPr. mRNA expression studies on glucose
revealed a downregulation of genes encoding TCA cycle enzymeswhenEIIANtrwas absent. 13C-ﬂux analyses con-
ﬁrmed higher ﬂuxes towards acetate and lower ﬂuxes in the TCA cycle in the ptsN mutants but additionally
hinted to a slightly but signiﬁcantly increased ﬂux through the pyruvate dehydrogenase complex (PDH). During
growth on succinate the ΔptsN strain accumulated mutations in rpoS, while no rpoSmutants were observed for
the ΔptsN-O strain. This hints to an additional function of NPr during growth with succinate.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The PEP dependent sugar phosphotransferase system (C-PTS)
mediates the uptake of about 15 carbohydrates in Escherichia coli,
the so-called PTS-substrates [1,2]. In the PTS uptake reactions, the
phosphate from PEP is transferred via Enzyme I (EI, encoded by ptsI)
to HPr (encoded by ptsH) and from HPr to one of the sugar speciﬁc
phosphoryl carrier enzymes II (EII), which usually consist of three
(EIIA, EIIB, EIIC) or sometimes four (EIID) domains. From EIIC, which
is located at the inner membrane, the phosphoryl group is transferred
to the incoming carbohydrate. In addition to these reactions of uptake
and concomitant phosphorylation of the substrate, the components of
the C-PTS play an important regulatory role [1–4]. In E. coli especially
EIIAGlc (encoded by crr) participates in signal transduction depending
on its phosphorylation state [1,2].
Besides the C-PTS in E. coli as well as in many other gram-negative
bacteria a second PTS, denoted as the nitrogen-PTS (PTSNtr) [5–7] has
been identiﬁed by sequence analyses. Similar to the C-PTS a phosphate
group is transferred from PEP to EINtr (encoded by ptsP), NPr (encoded
by ptsO/npr) and EIIANtr (encoded by ptsN) (Fig. 1). While the C-PTS
works both in theuptake of different substrates and regulation of carbon49 3916110510.
(K. Bettenbrock).
ights reserved.metabolism, the PTSNtr seems to have only regulatory functions. In spite
of the location of ptsN and ptsO in one operon together with rpoN
encoding the sigma factor 54 (RpoN) (Fig. 1), which is linked to nitrogen
starvation, a clear role of the PTSNtr in nitrogen metabolism or control
under nitrogen starvation was doubted [8]. However, in a recent publi-
cation an effect of α-ketoglutarate and glutamine, both effectors of the
Ntr response [9–11], on the autophosphorylation activity of EINtr was
demonstrated [12]. In E. coli several other roles of the PTSNtr e.g. in the
regulation of K+ uptake [13,14] and hence in sigma factor selectivity
[15], in maintaining cell integrity [5,6,16,17] or in controlling ion ﬂuxes
[18] have been discussed. The PTSNtr of Pseudomonas putida has been
reported to be responsible in directing ﬂuxes in the central metabolism
[19,20] but also to be active in the production of the overﬂowmetabolite
PHA [21] as well as in several other functions [22–27].
Supported by the observation that in E. coli the inactivation of ptsN
inﬂuenced the growth behavior on different carbon and nitrogen
sources [6] and that the PTSNtr can exchange phosphate groups with
the C-PTS in vivo [28,29], a function of the PTSNtr in coordinating carbon
and nitrogen metabolism seems probable [1,6,30,31]. In order to inves-
tigate such a possible regulatory effect of the PTSNtr on central metabo-
lism, we analyzed in a systematic approach the growth behavior of
PTSNtr mutants on different carbohydrates (glucose, fructose, N-acetyl-
glucosamine (NAG), succinate). Furthermore, we investigated the
phosphorylation level of EIIANtr as well as of EIIAGlc and studied gene
rppH
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Fig. 1. The nitrogen-PTS of E. coli. The genes ptsN (coding for EIIANtr) and ptsO (coding for NPr) are localized in one operon together with rpoN. In the nitrogen-PTS a phosphate from PEP is
conferred from EINtr to NPr and from NPr to EIIANtr [6,7].
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that mutants lacking a functional EIIANtr displayed a reduced growth
rate coupled to an increased acetate production and during growth on
glucose in these mutants a downregulation of genes encoding proteins
of the citric acid cycle (TCA) occurred. Mutation of EINtr as well as NPr
resulted in a decreased phosphorylation level of EIIANtr while in the
parent strain under the conditions tested mainly phosphorylated
EIIANtr could be detected. Metabolic ﬂux analyses of glucose-grown
cells indicated an increased ﬂux from pyruvate to acetyl-CoA in ptsN
mutants. This effect might be due to a missing inhibitory interaction
of EIIANtr with PDH. Furthermore, we observed a different phenotype
in a mutant lacking functional EIIANtr and NPr than in a mutant lacking
only EIIANtr on the gluconeogenic substrate succinate. While the ΔptsN
strain accumulated mutations in rpoS, the ΔptsN-O strain did not,
hinting to a function of NPr for growth on succinate.
2. Material & methods
2.1. Bacterial strains, media and growth conditions
Strains used in this study were LJ110 [32,33], a derivative of E. coli
W3110, harboring a frameshift mutation in ilvG, and isogenic mutants
of LJ110 deleted in ptsP, ptsO, ptsN (twovariants), ptsN-yhbJ-ptsO (called
ptsN-O) or ptsP plus ptsN-O or in rpoS (Suppl. Table 1). For molecular
methods strains were grown in LB0 medium at 37 °C. Antibiotics sup-
plied to the medium were at the following concentrations: kanamycin
and chloramphenicol 25 μg/mL; ampicillin (sodium salt) 100 μg/mL;
and tetracycline 10 μg/mL.
Growth assays were performed in phosphate-buffered minimal
medium (MM) containing different single carbon sources, which were
sterilized by ﬁltration and added to a ﬁnal concentration of 2 g/L.
All experiments were performed in shake ﬂasks, the volumes of the
shake ﬂasks exceeding the culture volume at least 10 times. The cul-
tures were incubated at 37 °C under vigorous shaking (250 rpm).
Growth was monitored by measuring the absorbance at 420 nm in
an Ultrospec3000 (Amersham Bioscience). To calculate dry cell
weight [g/L] from optical density a factor of 0.312 g/L per OD420
was assumed. MM supplied with 0.2% carbon source was inoculated
1:100 with a stationary LB0 culture of the relevant strain (ﬁrst
culture/preculture). For measuring growth rate, acetate production,
mRNA expression, metabolic ﬂuxes and PDH activity, stationary
precultures were washed in fresh carbon-free MM and fresh MM
with the same carbon source used in the preculture was inoculated
to 5 ∗ 107 cells/mL (second culture).
2.2. Construction of gene deletions and plasmids
Gene deletions were constructed as described by [34]. The com-
plete genes were replaced by a chloramphenicol resistance cassetteusing pKD3 or by a kanamycin resistance cassette using pKD4 as
template. Deletion primers contained P1 or P2 priming site in com-
bination with 36–40 bp homologous to the region immediately up-
stream and downstream of the deleted region. The resistance
cassette was eliminated afterwards using pCP20 as described by
[34].
For the construction of the plasmid pSJ1 containing ptsN with
an C-terminal His6-Tag we used the low copy vector pCS26 [35]
containing the constitutive scrK promoter PscrK [36]. ptsN was
ampliﬁed by PCR using sj15 providing a synthetic RBS and js16
providing a C-terminal His6-Tag (Suppl. Table 2). The DNA fragment
was cloned as a BamHI-NotI fragment into pCS26PscrK thereby
deleting the luxCDABE genes and putting ptsN under the control
of the PscrK.
JS21, a derivate of LJ110 carrying the ptsNH73A allele (encoding
EIIANtr lacking the phosphorylation site histidine 73) instead of
ptsN, was constructed by gene gorging [37]. RDM (rich deﬁned
medium) [38] was modiﬁed and contained per 100 mL: 10 mL 10×
MOPS (400 mM MOPS, 500 mM NaCl, 100 mM MgCl2, pH 7.5), 1 mL
132 mM K2HPO4, 10 mL 10×-His/-Leu/-Trp/-Ura-dropout-solution
(Sigma), 4 mL 25× supplement solution (42,25 mg thiamine-HCl,
525 mg histidine, 260 mg tryptophan, 1,32 g leucine per 500 mL
H2O) and 2 mL 20% glucose solution. As donor plasmid pSJ19, a derivate
of the high copy vector pGEM®Teasy (Promega) containing ptsNH73A
ﬂanked by restriction sites forMeganuclease I-SceI, was used. The insert
was ampliﬁed from plasmid pSJ6, containing ptsNH73A, using oligonu-
cleotides sj22 and js23. The insert and the vector were ligated using the
3′T-overhang of the vector.
For the construction of plasmid pSJ6 encoding ptsNH73A, we
used the high copy vector pGEM®Teasy (Promega). ptsNH73A was
ampliﬁed by megaprimer PCR [39] using ﬁrst oligonucleotides sj19
and js20 for amplifying the megaprimer, which was used secondly
together with the oligonucleotide js18 for amplifying ptsNH73A. As
templatewe used plasmid pSJ2, a derivate of pGEM®Teasy, contain-
ing ptsN with an N-terminal His6-Tag PCR-ampliﬁed by sj17/js18.
Sequences of the different oligonucleotides used are supplied in
Suppl. Table 2.2.3. Measurements of metabolite concentrations
Metabolite concentrations in supernatant were monitored by taking
culture samples and removing cells quickly by centrifugation at 4 °C.
Measurements were performed enzymatically with the test kits from
R-Biopharm. Production and consumption rates [g/gdcw] were calculated
using samples taken from the exponential growth phase between OD420
of 0.5 to 1.5. During the exponential phase constant production and
consumption rate were obtained, these values are given in the ﬁgures
or tables.
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To study gene expression mRNAs from at least two independent
experiments were analyzed. From each culture two samples were
taken at different time points in the exponential phase. For immedi-
ate stabilization of mRNA two volumes of RNAprotect bacteria
Reagent (Qiagen) were added directly to one volume of bacterial
culture. Samples were pelleted and stored at −80 °C. Total RNA
was puriﬁed from 5 ∗ 108 cells by using Master Pure RNA Puriﬁca-
tion Kit (Epicentre) as recommended by the manufacturer. cDNA
synthesis was performed by using RevertAid™ H Minus M-MuLV
Reverse Transcriptase (Fermentas). 3000 ng total RNA, distributed
to six preparations, was reverse transcribed with 600 U Reverse
Transcriptase and 600 ng Random Hexamer Primer (Fermentas) at
42 °C for 1 h. Afterwards three preparations were pooled and used
for real-time RT PCR.
Expression of mRNA was quantiﬁed by real-time RT-PCR (RT-PCR)
in a Rotor-Gene 6000 (Corbett life science) using MESA GREEN qPCR
MasterMix Plus for SYBR Assay No ROX (Eurogentec) according to the
protocol supplied. Oligonucleotides were designed by Lasergene Primer
Select Software (DNAStar) with the following parameters: oligonucleo-
tide length was between 18 bp and 22 bp and the amplicon length of
90 bp to 180 bp. Oligonucleotides are listed in Suppl. Table 3. PCR cy-
cling conditions were 95 °C for 10 min, 40 cycles at 95 °C for 15 s and
60 °C for 1 min. Each cDNA pool was measured in duplicate.
For analysiswe exerted themethod of relative quantitative real-time
RT-PCR with efﬁciency correlation [40,41] using the software qBase
(Biogazelle). Geometric mean of transcription levels from recA and
rpoDwas used as normalization factor andmRNA level of LJ110 as stan-
dard condition (relative gene expression of L110 is hence one for all
analyzed genes).
2.5. Determination of metabolic ﬂuxes
Metabolic ﬂuxes on glucose were analyzed as described before
using metabolic ﬂux ratio analysis based on 13C-labeling experi-
ments, gas chromatography–mass spectrometry analysis and proba-
bilistic equations that relate mass distributions in proteinogenic
amino acids to pathway activity [42–45]. To acquire sufﬁcient data
two sets of experiments were performed: one with the entire amount
of glucose being the [1-13C] labeled isotopomer and one where a mix-
ture of 20% [U-13C]-glucose and 80% unlabeled glucose was used. The
total glucose concentration in the shake ﬂasks was 3 g/L and cells
were incubated in MM on a shaker at 37 °C until mid-exponential
phase. About 5 mg dry cell weight was sampled by centrifugation at
4 °C. Further analysis was performed as described by [43]. To compare
ﬂuxes of different strains, ﬂuxes of each strain were related to glucose
uptake rate (mmol/gdcw*h). To verify whether ptsN deﬁcient strains
show stochastically elevated or lower ﬂuxes compared to strains con-
taining ptsN we used Whitney U statistics [46]. An inﬂuence of a dele-
tion of ptsN on metabolic ﬂuxes was called signiﬁcant at a signiﬁcance
level α = 5% for one side test.
2.6. Analysis of EIIAGlc phosphorylation state
The EIIAGlc phosphorylation level was analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and Western blotting
essentially as described [36,47]. Protein precipitation was carried
out at −20 °C overnight. Detection was performed as described by
[36].
2.7. Analysis of EIIANtr phosphorylation state
To determine the phosphorylation level of EIIANtr amethod based on
separation of the phosphorylated and unphosphorylated EIIANtr via
native PAGEwas applied. 5 ∗ 108 cells were harvested by centrifugationat 4 °C for 2 min at 16,000 g. The pellet was immediately frozen at
−20 °C. Prior to loading on the gel, the pellet was resuspended in
100 μL non-denaturing sample buffer containing lysozyme (5 mM Tris–
HCl, 40 mM glycine, 10% glycerol, 2 mg/mL lysozyme, pH 8.9) and incu-
bated on ice for 15 min. Afterwards the sample was centrifuged for
10 min at 16,000 g and 4 °C. 0.0002% bromphenolblue was added to
the supernatant and an aliquot was loaded on the gel. The gel contained
2,16 mL acrylamide (30%, mix 29:1), 1,44 mL 5× running buffer
(125 mM Tris–HCl, 1 M glycine, pH 8.9), 3,36 mL H2O, 15 μL TEMED
and 36 μL APS (10%). After loading of the samples the gel was run at
12.5 mM at 4 °C in 1× running buffer.
After completion of the run the proteins were transferred to a PVDF
membrane via semi-dry blotting at 15 V for 90 min. Prior to blotting the
gel was equilibrated twice in transfer buffer (192 mM glycine, 25 mM
Tris, 29% methanol, 0.0375% SDS) for 15 min.
Themembrane was washed two times for 10 min in washing buffer
(1× PBS, 0.01% Tween20). Afterwards themembrane was blockedwith
3% skimmedmilk powder, washed three timeswithwashing buffer and
then incubated with rabbit serum raised against His6-EIIANtr for 1 h.
Detection was performed with horseradish-peroxidase coupled goat-
anti-rabbit antibodies and the “Supersignal West Femto Maximum
Sensitivity Substrate” (Pierce). Signalswere detectedwith a CCD camera
the two EIIANtr bands were quantiﬁed relative to each other.
2.8. Determination of PDH activity
For measuring PDH activity cells were cultured in minimal medium
with glucose. In the exponential growth phase, at an OD420 = 1 ± 0.15
25 mL strain culture was harvested by centrifugation. The pellet was
washed two times with 10 mL of extraction buffer (100 mM Tris–HCl,
10 mM MgCl2, pH 7.2) and afterwards resuspended in 1.5 mL of the
same buffer. The probe was sonicated on ice and debris was collected
by centrifugation. The protein concentration of the supernatant was
measured by Bradford test [48]. PDH activity was measured in accor-
dance to [49]. The reaction mixture (1 mL) contained 100 mM Tris–HCl
(pH 7,2), 10 mM MgCl2, 1 mM TPP, 5 mM pyruvate, 3 mM L-cysteine,
2 mM NAD, 100 μM coenzymeA and 100 μL crude extract. The reaction
mixturewas preincubated for 3 min at 37 °C and the reactionwas started
by adding coenzymeA. The speciﬁc activity wasmonitored spectrophoto-
metrically by the increase in 340 nm absorbance at 37 °C due to NADH2
production. Enzymatic activity was calculated as micromoles of sub-
strate converted per milligram of protein per minute (U/mg protein).
2.9. Determination of rpoS mutants
For expressing catalase and producing glycogen, E. coli cells
need an active rpoS-allele [50,51]. Therefore a mutation of rpoS
could be veriﬁed by qualitative measuring of catalase activity and
glycogen production in cells cultured on LB0 agar at 37 °C until
they reached stationary phase (16–18 h). Catalase activity was
tested by incubating cells with a hydrogen peroxide solution
(6%). While rpoS+ cells bubble immediately and intensive, rpoS−
cells bubble time-delayed and slight. Glycogen production was tested by
incubating cells with an iodine–potassium iodine-solution (0.01 M I2
and 0.03 M KI). While rpoS+ cells get a brown color, rpoS− cells
remain unstained.
3. Results
3.1. Determination of growth rates and acetate production in PTSNtr deletion
mutants
To get information about a possible function of the PTSNtr in reg-
ulating carbon metabolism, we analyzed the growth of E. coli LJ110, a
derivative of W3110, harboring a frameshift mutation in ilvG, and of
isogenic ΔptsP, ΔptsO, ΔptsN and ΔptsN-O strains on deﬁned single
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acetylglucosamine (NAG)) as well as the non-PTS substrate succi-
nate. Glucose, which is taken up by the glucose-PTS, represents the
preferred growth substrate of E. coli. Fructose was used because the
fructose-PTS contains the diphosphoryltransfer protein (DTP) whose
EIIA domain shows high homology to EIIANtr [6,31]. The PTS-substrate
NAG represents a C-source as well as a N-source. The organic acid suc-
cinate feeds directly into the TCA and hence complements the above
mentioned glycolytic substrates.
As expected, for all strains the growth rates differed with the carbon
source (Fig. 2). Growth on glucose was quickest for all strains, while
growth on succinate was slowest. The mutant strains showed a similar
growth pattern on all glycolytic substrates tested. While the ΔptsP and
the ΔptsO strain always behaved like the parent strain, the ΔptsN and
the ΔptsN-O strain grew signiﬁcantly slower. Uptake rates for glucose
were determined for the different PTSNtr mutants (Suppl. Table 6).
They show in accordance with the reduced growth rates reduced
glucose uptake rates for the ΔptsN and the ΔptsN-O mutants. Thus the
data show that a deletion of ptsN affects the growth behavior and indi-
cate that for the growth promoting effect of EIIANtr no phosphorylation
through EINtr and NPr is needed.
On succinate, too, the ΔptsO and the ΔptsP strain grew similar to the
parent strain but on this substrate differences between the ΔptsN and
the ΔptsN-O strain became visible. The ΔptsN strain grew extremely
slow (μ = 0.11 ± 0.01) after transfer from LB0 into minimal medium
(MM) with succinate but growth was relatively fast (μ = 0.30 ±
0.02) after cells from stationary phase of this MM culture (ﬁrst culture)
were inoculated into fresh MM with succinate (second culture). This
difference in growth rate between the ﬁrst and the second culture
hints to an accumulation of secondary mutations in the ΔptsN strain
during growth on succinate (see below). The ΔptsN-O strain on the
contrary grew signiﬁcantly slower than the parent strain but in this
case the difference between the ﬁrst (μ = 0.17 ± 0.00) and the second
MM culture (μ = 0.23 ± 0.02) was less pronounced. Wildtype growth
of both theΔptsN and theΔptsN-O strain on all substrates testedwas re-
stored by complementing the mutants with a plasmid pSJ1 expressing
ptsN (not shown).
Growth of E. coli under carbon excess conditions is characterized by
the formation and excretion of acetate in the overﬂowmetabolism [52].
The amount of acetate excretion differs with the carbon source. It is
known that the PTSNtr has an inﬂuence on PHA production in P. putida
[21] and affects polyhydroxybutyrate levels in Azotobacter vinelandii
[53], both products of carbon overﬂow.We thus determined extracellu-
lar acetate yields in the exponential growth phase for the parent strain
as well as for the deletion strains (Fig. 2).
As expected, acetate yields differed in dependence of the carbon
source. All strains produced the highest amount of acetate on NAG,Fig. 2. Growth rate (left) and acetate production (right) of LJ110 and isogenic ptsP, ptsO, ptsN an
minimalmediumcultures growingwith the carbon source indicated (second culture). Acetate p
the second culture as described in Materials & methods.which most probably results from the conversion of NAG-P to D-glu-
cosamine-6-phosphate and acetate catalyzed by NagA. But while no
signiﬁcant differences in acetate formation were detectable for the
ΔptsP and the ΔptsO strain, acetate yields of the ΔptsN and the ΔptsN-O
strain were elevated on the glycolytic substrates (Fig. 2), reﬂecting
growth behavior. The strains produced acetate also during growth
on succinate but in this case the ΔptsN strain (2nd MM culture) as
well as the ΔptsP and ΔptsO strain showed an acetate yield comparable
to LJ110 while that of the ΔptsN-O strain was again signiﬁcantly ele-
vated. This observation correlates with the growth data, which showed
a different growth behavior of these strains on succinate. As observed
for growth rate, expressing EIIANtr from plasmid pSJ1 restored acetate
production in both ptsNmutants (not shown).
The results of studying acetate formation hence conﬁrmed the data
of the growth survey. On each carbon source tested, slower growth cor-
related with a higher production of acetate. Acetate production by car-
bon overﬂow is linked to the Pta-AckA pathway that produces acetate
and ATP from acetyl-CoA. In addition, CoA-SH is released. To distinguish
whether enhanced acetate formation is the reason for the observed
slow growth phenotype of the ΔptsN and the ΔptsN-O strain, an addi-
tional deletion of the pta-ackA genes was introduced into thesemutants
and into LJ110. Although all strains showed drastically reduced acetate
production, the Δ(ackA-pta) mutation had no effect on the observed
growth behavior on glucose and succinate (not shown). Hence, acetate
formation most probably is not the cause for the slow growth rates of
the ptsN mutants but a consequence of changed ﬂuxes in the central
metabolism. This hints to a role of the PTSNtr or more precisely of EIIANtr
in controlling ﬂuxes in central metabolism especially at the acetyl-CoA
node and the TCA cycle.
Summarizing, the growth data suggest that EIIANtr promotes growth
on all carbon sources. Inactivation of EINtr and NPr had no effect on
growth, indicating that phosphorylation of EIIANtr by these proteins is
not important for its function under the conditions tested. However,
the data hint to a function of NPr during growth on the gluconeogenic
substrate succinate, an effect which is only observable in a ΔptsN
background.
3.2. Determination of EIIANtr and EIIAGlc phosphorylation state
Assuming thephosphorelay EINtr→ NPr→ EIIANtrmutations in ptsP
and ptsO are supposed to change the phosphorylation state of EIIANtr.
We analyzed the EIIANtr phosphorylation state by using native gel elec-
trophoresis coupled to Western blotting with antibodies raised against
EIIANtr. In the development of this method a strain was constructed
which expresses EIIANtr(H73A), harboring a histidine to alanine ex-
change at position 73, the phosphorylation site. This strain was used as
a non-phosphorylated standard. EIIANtr phosphorylation levels wered ptsN-O deletion strains on different carbohydrates. Growth rates were determined from
roductionwas determined from four to ﬁve time points in the exponential growth phase of
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Fig. 3. In vivo phosphorylation state of LJ110 and of the ΔptsO and ΔptsP strains during
growth with glucose or NAG, respectively. Phosphorylation levels were determined by
relating the two bands representing phosphorylated and dephosphorylated EIIANtr.
LJ110 ptsNH73A expressing the EIIANtr(H73A) variant shows only the dephosphorylated
band. On glucose for LJ110 almost no dephosphorylated EIIANtr was detectable, while
the mutants displayed phosphorylated as well as dephosphorylated EIIANtr. Multiple
lanes for the same strain and substrate represent different samples taken during a time
course experiment.
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Table 1). Conﬁrming the results of Bahr et al. [54], on glucose mainly
phosphorylated EIIANtr was observed for the parent strain LJ110, while
in the ΔptsP and the ΔptsO strain the phosphorylation state of EIIANtr
was signiﬁcantly reduced. A lower phosphorylation level was observed
in the ΔptsP strain lacking EINtr (16%) than in the ΔptsO strain lacking
NPr (57%). While in LJ110 EIIANtr was mainly in its phosphorylated
state on all growth substrates tested, in the ΔptsP and the ΔptsO strain
a carbon source dependent phosphorylation became visible. A carbon
source dependent phosphorylation also applies for EIIAGlc [36]. The
data hint to a crosstalk between the PTSNtr and the C-PTS, that was
already reported by [6,7,28]. This crosstalk becomes obvious in mutants
with defective PTSNtr phosphorelay.
Via cross talk mutations in the PTSNtr might inﬂuence the phosphor-
ylation state of the C-PTS. Especially EIIAGlc (encoded by crr) from the
C-PTS, participates in signal transduction and regulation of carbon
metabolism in dependence of its phosphorylation state [1,47,55–63].
It thus seems possible that deletions in the PTSNtr inﬂuence growth be-
havior on different substrates indirectly by changing the phosphoryla-
tion state of EIIAGlc. We analyzed EIIAGlc-P levels in the exponential
growth phase in the parent as well as in the PTSNtr mutant strains. The
phosphorylation state of EIIAGlc varied depending on the kind of sub-
strate as described before [36] but it did not vary in the mutant strains
(Table 1). The observed almost complete dephosphorylation of EIIAGlcTable 1
Phosphorylation state of EIIANtr and EIIAGlc during growth onminimal medium (second culture
fraction of EIIANtr or EIIAGlc respectively given in %. The data are average data of at least 2 indepe
experiment.
EIIANtr-P [%]
Strain\C-source LJ110 ΔptsP ΔptsO
Glc 95 ± 9 16 ± 3 57 ± 13
Fru 97 ± 8 35 ± 13 67 ± 8
NAG 96 ± 12 15 ± 3 44 ± 7
Suc 96 ± 7 82 ± 11 87 ± 9in the ptsN mutants on glucose is noteworthy. Previously, a coupling
of growth rate and EIIAGlc phosphorylation level has been shown
[36,64]. Based on this, a higher level of EIIAGlc phosphorylation was
expected for the slower growing ptsNmutants. The fact the EIIAGlc phos-
phorylation in the case of the ptsN mutants no longer is coupled to
growth rate hints to an inﬂuence of EIIANtr on the C-PTS either directly
or indirectly by inﬂuencing the PEP to pyruvate ratio.
3.3. Determination of transcription levels of TCA enzymes via real-time
RT-PCR
Our results from the analysis of growth behavior and acetate forma-
tion in the PTSNtr mutants indicated a regulation of carbon metabolism
through EIIANtr and possibly NPr.
It is known, that during growth on glucose higher acetate formation
correlates negatively with transcription of TCA genes [52]. We thus in-
vestigated transcription of the genes gltA, sucB, sdhD andmdh encoding
citrate synthetase, α-ketoglutarate dehydrogenase, succinate dehydro-
genase and malate dehydrogenase. mRNA levels were determined for
LJ110, as well as for the ΔptsO, the ΔptsN and the ΔptsN-O strain via
quantitative real-time RT-PCR. To obtain further information about the
regulation of centralmetabolismwe also observed pykF and pykA (pyru-
vate kinase I and II), aceE (pyruvate dehydrogenase), aceA (isocitrate
lyase) and ackA (acetate kinase) expression. recA and rpoD were taken
as housekeeping genes.
At ﬁrst we analyzed gene expression during exponential growth on
glucose (Fig. 4, Suppl. Table 4). In linewith the acetate production, tran-
scription of the TCA genes gltA, sucB and sdhD and the glyoxalate shunt
gene aceAwas about twofold downregulated in the ΔptsN and ΔptsN-O,
but not in the ΔptsO strain. In addition, the expression of the TCA gene
mdhwas also downregulated in theΔptsN andΔptsN-O strain, although
it was less pronounced than the downregulation of the other TCA genes.
Expression of pykF, pykA and ackA was similar in all strains. Notably,
expression of aceE, encoding a subunit of PDH-complex,was unchanged.
A similar expression pattern for a ptsNmutant has also been observed by
[15], although its reported especially low growth rate on glucose at
potassium concentrations comparable to those used in this study did
not match our results.
As expected, the transcription patterns on succinate differed from
those on glucose (Suppl. Table 4). Expression of most TCA genes was
upregulated in LJ110 compared to growth on glucose. Previously, lacZ-
fusion studies showed an upregulation of the TCA cycle genes gltA
[65], fumA and fumC [66], mdh [67], sdhCDAB [68], sucABCD [69] and
icd [70] on succinate. Additionally, [71] showed increased activity of
several Krebs cycle enzymes in malate containing complex medium
compared to glucose containing complexmedium.Malate is an oxidized
TCA intermediate as is succinate. Microarray data showed an at least
3-fold upregulation of aceA on succinate compared to glucose [72]
conﬁrming the results obtained in this study. Contradicting previous
results no difference inmdh expression on succinate and glucose was
observed. The twofold downregulation of pykF expression veriﬁed
results from lacZ fusion studies [73].
The transcription patterns of the different mutant strains on succi-
nate (Fig. 5, Suppl. Table 5) reﬂected their growth behavior in the) supplemented with different carbon sources. The values given show the phosphorylated
ndent experiments and at least four time points during the exponential growth phase per
EIIAGlc-P [%]
LJ110 ΔptsP ΔptsO ΔptsN
6 ± 3 4 ± 1 8 ± 2 9 ± 3
29 ± 8 34 ± 8 37 ± 8 43 ± 8
9 ± 3 5 ± 2 6 ± 1 5 ± 1
82 ± 5 85 ± 4 80 ± 8 76 ± 8
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Fig. 4.mRNA expression of selected genes in the ΔptsO, ΔptsN and ΔptsN-O strains during exponential growth on glucose. Expression was scaled to LJ110 growing on glucose. As house-
keeping genes rpoD and recAwere used.
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culture) showed a transcription pattern similar to the parent strain,
the ΔptsN-O strain differed. The expression of pykF, encoding pyruvate
kinase I, was twofold upregulated in this strain, the expression of aceA,
encoding isocitrate lyase, was twofold downregulated. Because of the
different growth behavior of the ΔptsN strain in the ﬁrst and second
minimal medium cultures on succinate, the transcription pattern deter-
mined might result from unknown mutations accumulating in this
strain and allowing growth similar to the parent strain. Therefore,1.5
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Fig. 5. Expression of selected genes in theΔptsO,ΔptsN andΔptsN-O strain during exponential g
genes rpoD and recAwere used.during growth on succinate the presence of NPr seems to lead to
secondary mutations when EIIANtr is inactive. This hints to a function
of NPr during growth with succinate. Interestingly this function
became visible only when NPr was present and EIIANtr was absent.
3.4. Metabolic ﬂuxes on glucose are altered in ptsN mutants
Because the growth data as well as the real-time data indicated an
inﬂuence of EIIANtr on carbon metabolism, we measured metabolicptsN ptsN-O
A aceA sucB sdhC mdh
rowth on succinate. Expressionwas scaled to LJ110 growing on succinate. As housekeeping
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LJ110 and the ΔptsP, ΔptsO, ΔptsN and ΔptsN-O strains also a ΔptsNkeio
strain, a ΔptsN strain constructed following the KEIO collection [74]
and a strain combining the ptsP and the ptsN-O deletion, were analyzed.
Both strains behaved similar as the ΔptsN strain in growth rate and
acetate production on glucose (not shown). Average ﬂuxes of two tech-
nical replicates of each strain are shown in Suppl. Table 6.
The glucose consumption rate per biomass was similar for all strains
tested, while the acetate production rate was signiﬁcantly higher in
all ptsN deﬁcient strains. Normalized to glucose uptake rate the
ﬂuxes through the TCA (from oxaloacetate to α-ketoglutarate, from
α-ketoglutarate to malate and from malate to oxaloacetate (Mdh)
were downregulated in the ΔptsN and ΔptsN-O strain as well as in
all other ptsN deleted strains, conﬁrming the data showing lowered
expression of TCA genes in the ΔptsN and ΔptsN-O strains. As
expected from the measurement of extracellular acetate yield, the
ﬂux from acetyl-CoA to acetate (Pta-AckA) was upregulated in all
ptsN mutants. In addition, the ﬂux from pyruvate to acetyl-CoA
(PDH) was elevated and ﬂux from PEP to oxaloacetate (Ppc) was
reduced in all ptsN mutants. Tested by Whitney U statistics these
changed ﬂuxes resulted from the deletion of ptsN at a signiﬁcance
level of α = 5%. For all other ﬂuxes no signiﬁcant changes could be
detected between ptsN+ and ptsN− strains. A ﬂux diagram comparing
ﬂuxes of LJ110 and of its ΔptsN derivative is shown in Fig. 6.
To further conﬁrm the data from the 13C ﬂux analysis, we measured
PDH activity in cell extracts of LJ110 and the ΔptsN strain. For LJ110 a
PDH activity of 0.35 ± 0.05 μmol/mg/min was determined compared
to 0.55 ± 0.14 μmol/mg/min of theΔptsN strain. The data of the enzy-
matic assay hence conﬁrm the data from the ﬂux analysis indicating
a higher PDH activity in the absence of ptsN. EIIANtr hence might
represses PDH activity by protein–protein interaction as has beenFig. 6. Relative ﬂuxes for LJ110 and an isogenic ΔptsN strain during aerobic growth on glucose. G
glucose ﬂux to 100. Flux arrows are drawn in proportion to the substrate uptake for each str
described in Section 2.5. The presented ﬂuxeswere obtained 13C-constrained ﬂux analysis using
catalyzing theﬂux. TCA1 is a ﬂux comprising the reactions from oxaloacetic acid and acetyl-CoA
DH). TCA2 comprises the reactions from α-ketoglutarate to malate catalyzed by SucAB (2-o
(fumarase).shown for P. putida [20], supported by the fact that no changes in
gene expression of aceE encoding a PDH subunit were detected. A
deletion of ptsN results in an increased activity of the PDH, which is
observed in a higher ﬂux from pyruvate to acetyl-CoA. As the in-
creased amount of acetyl-CoA cannot be channeled into the TCA
completely due to the downregulation of most genes encoding TCA
enzymes, this results in increased overﬂow to acetate. Why and
how downregulation of genes encoding TCA enzymes is accom-
plished is not known. Based on our experiments it cannot be excluded
that other ﬂuxes at the pyruvate/PEP/acetyl-CoA node or in the TCA
are also inﬂuenced directly or indirectly by the PTSNtr e.g. ﬂuxes to or
from lipid synthesis.
3.5. ptsN mutants accumulate rpoS mutations during growth with
succinate
As already mentioned above the ΔptsN strain showed no constant
growth behavior during growth with succinate. It adapted very slowly
from growth in LB0 to growth in minimal medium with succinate.
Further tests (culturing of cells fromdifferent growth phases inMMme-
diumwith an intermediate culture in LB0) indicated that this is not due
to a slow adaptation but due to the accumulation ofmutations. ptsNmu-
tants accumulate higher intracellular amounts of K+ [15] which favors
binding of σS instead of σ70 to RNA polymerase. Based on this observa-
tion we investigated σS in the ptsNmutants during growth with succi-
nate. A mutation in rpoS encoding σS is coupled to a lack of glycogen
accumulation as well as to a loss of catalase [50,51]. We hence grew
cells of LJ110 aswell as of theΔptsN andΔptsN-O strain in LB0 overnight
and inoculated them inminimalmediumwith 0.4% succinate or glucose
respectively to an OD420 of 0.025–0.045. The cultures were incubated at
37 °C and cells from early and late growth phase were plated on LB0.rowth rates are given as well as glucose uptake rates thatwere used to scale the incoming
ain. Values represent the average of two technical replicates. Samples were prepared as
the software FiatFlux [43–45]. The ﬂux names given correspond to the respective enzyme
toα-ketoglutarate catalyzed byGltA (Citrate synthase), Acn (aconitase) and Icd (isocitrate
xoglutarate DH), SucCD (SuccinylCoA synthetase), SdhABCD (Succinate DH) and FumA
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accumulation and catalase activity. On succinate a relevant portion of
the colonies from the ΔptsN strain produced no glycogen and showed
no catalase activity (52% at an OD420 0.36 and 79% at an OD420 4.8),
indicating the accumulation of secondary mutations in rpoS. In con-
trast, for the ΔptsN-O strain as well as for LJ110 no rpoS mutations
accumulated during growth on succinate. In addition, no rpoS
mutants accumulated during growth with glucose in LJ110 as well
as in the ΔptsN and ΔptsN-O strain.
Although rpoSmutations accumulated in the ΔptsN strain, it cannot
be ruled out that further mutations are necessary in order to allow for
fast growth of the ΔptsN strain on succinate. To asses this, we deleted
rpoS in the parent strain LJ110 as well as in the ΔptsN and in the
ΔptsN-0 mutants and analyzed the growth behavior of the corre-
sponding mutants on MM glucose and on MM succinate. The deletion
of rpoS in LJ110 had no signiﬁcant inﬂuence on growth (Fig. 7). Inactiva-
tion of rpoS led to a signiﬁcantly shortened lag phase of theΔptsN strain
on glucose (not shown) and also on succinate (Fig. 7). Against expecta-
tion also the lag phase of the ΔptsN-O strain was reduced. Notably,
growth rate and acetate production in the second culture were almost
unaffected by the ΔrpoS mutation. These data conﬁrm an inhibiting
effect of RpoS on the adaption of ptsNmutants from complex tominimal
medium. But this effect obviously is limited to the adaptation phase and
is not determining speciﬁc growth rate or acetate production after
adaptation.
Taken together these data hint to an important function of EIIANtr
during growth with succinate, which is dependent on the presence of
NPr. Obviously, the negative effect of a ptsNmutation for growth on suc-
cinate can be released by amutation in rpoS, most probably by effecting
gene expression during the adaptation phase.
4. Discussion
To investigate a possible function of the PTSNtr in controlling ﬂuxes
in the central metabolism, we performed quantitative growth assays
of E. coli LJ110 and of isogenic deletion mutants lacking different PTSNtr
proteins.
On all substrates tested, the ΔptsN and ΔptsN-O strains showed
lower growth rates coupled to increased acetate production indicating10
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Fig. 7.Growth curve of theparent strain LJ110 and of theΔptsN andΔptsN-Omutants aswell as o
data for the ﬁrst minimal medium culture. It can be observed that the rpoSmutation causes aa growth promoting function of EIIANtr. In contrast, the ΔptsP and
ΔptsO strain behaved similar to the parent strain although the absence
of EINtr or NPr resulted in a reduced phosphorylation level of EIIANtr
(Table 1). The EIIANtr phosphorylation state is obviously not important
for its growth promoting function. This was unexpected as the activity
of PTS proteins in general and also of EIIANtr has been reported to be
inﬂuenced by their phosphorylation state [13,14,16–18,47,55,57,62].
Although the dephosphorylated form of EIIANtr has been implied into
the regulatory actions elucidated so far [13,14,18,19,75], we were not
able to detect signiﬁcant amounts of dephosphorylated EIIANtr in the
parent strain. Only in the ΔptsP and ΔptsO strains a signiﬁcant fraction
of dephosphorylated EIIANtr was observed but obviously this did not
have an inﬂuence on growth. The phosphorylation levels determined
here are in agreement with those determined by Bahr et al. [54]. They
again hint to a cross talk between the C-PTS and PTSNtr but it can be
doubted that this cross talk is important under wildtype conditions,
based on the fact that phosphorylation levels of EIIAGlc and EIIANtr in
the wildtype are not correlated. Deviating phosphorylation levels of
EIIANtr were reported by Lee et al. [12] who observed mainly
unphosphorylated EIIANtr during growth in minimal medium with
glucose and 40 mM ammonia. Lee et al. [12] used an EIIANtr variant
with an amino acid substitution near the phosphorylation site that
might inﬂuence phosphorylation kinetics within the PTSNtr or cross
talk with the C-PTS. Likewise it cannot be excluded that expression of
EIIANtr from a plasmid as performed by Lee et al. [12] or differences in
the strain background are responsible for the deviating results.
On glucose slow growth and enhanced acetate production of the
ΔptsN and the ΔptsN-O strain were coupled to a reduced expression of
genes encoding TCA enzymes (Fig. 4). This was conﬁrmed by 13C ﬂux
analyses showing reduced ﬂuxes through the TCA as well as an elevated
ﬂux from acetyl-CoA to acetate in thesemutants (Fig. 6). In the extracts
of aΔptsN strain a higher PDH activitywas detected, supported by an in-
creased ﬂux from pyruvate to acetyl-CoA (Pdh) normalized to glucose
uptake rate. In P. putida a direct interaction of EIIANtr with the E1 subunit
of the pyruvate dehydrogenase complex (PDH), leading to a down-
regulation of PDH activity was detected [20]. It might hence be possible
that in E. coli EIIANtr regulates the ﬂux from pyruvate to acetyl-CoA by
interacting with PDH, too. This is approved by the observation that in
the ptsN mutants a decoupling of EIIAGlc phosphorylation state fromLJ110
Δ
ΔptsN-O
ΔrpoS
ΔrpoS ΔptsN
15 20 25 30
ΔrpoS ΔptsN-O
e [h]
ptsN
f the three strainswith an additionalΔrpoSmutation onMM0.2% succinate. Shown are the
faster adaptation to MM succinate in all strains.
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phorylation state of EIIAGlc reﬂects growth rate [36,64]. The EIIAGlc phos-
phorylation level is determined by the PEP to pyruvate ratio, which is
coupled to growth rate in E. coli [36,76,77]. Obviously, this relation
between growth rate and EIIAGlc phosphorylation is disturbed in the
ptsN mutants. Considering the observation that the phosphorylation
level of EIIAGlc is the main factor in determining cAMP production
in E. coli and the fact that cAMP.CRP controls many genes encoding
nutrient uptake systems as well as e.g. enzymes of the TCA cycle
[1,2] the low phosphorylation level in the ptsN mutants might be
one reason for the slow growth phenotype.
Lee et al. [12] observed an effect of extracellular ammonium concen-
tration as well as of different nitrogen sources on the phosphorylation
activity of EINtr. Similarly EI autophosphorylation is controlled by
α-ketoglutarate [78]. α-Ketoglutarate as well as glutamine are
important metabolites in the control of ammonium assimilation
[10,11]. α-Ketoglutarate is an intermediate of the TCA cycle and
connects carbon- and nitrogen-metabolism. Based on this and on
the data presented here it is tempting to speculate that the PTSNtr
is involved in the coordination of C- and N-metabolism by adjusting
the ﬂuxes at the acetyl-CoA node and in the TCA cycle.
In part disaccording data result from growth on succinate. As already
reported, there are striking differences in the growth of the ΔptsN and
ΔptsN-O strains. While the ΔptsN-O strain is able to grow on succinate,
theΔptsN strain seems to be able to growonly after acquiringmutations
in rpoS. It is thus tempting to speculate that also NPr has a function
during growth on succinate. In contrast to the other carbohydrates
tested growth on succinate requires an active gluconeogenesis and
hence partly reversed ﬂuxes in the central metabolism. A regulatory
function of NPr in gluconeogenesis seems possible. Because this
function is only relevant for growth when EIIANtr is absent, it can
be concluded that EIIANtr modulates the regulatory mechanism of
NPr e.g. by modulating its phosphorylation state. A deletion of ptsN
could lead to an elevated phosphorylation state of NPr and thereby
activate the regulation by NPr resulting in reduced gluconeogenic
ﬂuxes. As during growth on succinate ﬂuxes have to be directed
from oxaloacetate or malate to phosphoenolpyruvate and pyruvate
it is tempting to speculate that one of these reactions is controlled.
In a ΔptsN strain this inhibitory effect adds to the elevated ﬂux
from pyruvate to acetyl-CoA and the reduced TCA ﬂux. As a conse-
quence growth on succinate is severely inhibited and secondary
mutations accumulate. By inactivating NPr gluconeogenic ﬂuxes
are restored.
In viewof the fact that expressionof a highnumber of genes is affected
by a ΔptsNmutation an effect of the PTSNtr on global control is obvious.
A possible inﬂuence of the PTSNtr on catabolite repression seems prob-
able based on the observed low phosphorylation state of EIIAGlc in the
slow growing ptsN mutants on glucose. In addition, an effect of EIIANtr
on sigma factor selectivity by inﬂuencing the intracellular K+ concen-
trations has been reported [15]. RpoS activity has been linked to the
activity of the ArcBA two-component system [79], a system that con-
trols a high number of genes especially those of the TCA cycle and the
respiratory chain in dependence of the oxygen concentrations [80–82]
matching the observed gene expression proﬁles. An effect of ptsNmuta-
tions on the activity of RpoS could also be demonstrated in this study, as
during growth on succinate, the only gluconeogenic substrate tested,
rpoSmutations accumulated in the ΔptsNmutant. Growth on succinate
requires ﬂuxes from the TCA in the direction of PEP or pyruvate. This is
realized by either PEP carboxykinase or by malic enzyme and phospho-
enolpyruvate synthetase [83]. It is hence tempting to speculate that
expression of these genes is somehow blocked by an active RpoS. An
activating inﬂuence of the PTSNtr on the enzymes of the pyruvate
shuntwas observed in P. putida [19] but as these observations are related
to growth with glucose and fructose and as the usage of metabolic path-
ways in E. coli and P. putida is different, it remains open if the underlying
effects are comparable.Summarizing, the studies presented here suggest independent func-
tions of EIIANtr and NPr in E. coli. While EIIANtr fulﬁlls an important role
during aerobic growth in minimal medium with different substrates by
controllingﬂuxes at the acetyl-CoAnode and in the TCA cycle, the role of
NPr only becomes visible in a ΔptsN background during growth on
succinate and might hence be related to gluconeogenesis. Analysis of
the EIIANtr phosphorylation state indicated that phosphorylation of
EIIANtr is not relevant for its function in controlling metabolic ﬂuxes. In
addition, cross talk between the PTSNtr and C-PTS was observed in vivo
in mutant strains but seems to have no relevance in determining the
phosphorylation state of the proteins of the PTSNtr and C-PTS under
wildtype conditions.Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2013.07.011.References
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